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The use of electrospray ionization mass spectrometry (ESI/MS) for the detection of neutral 
organic molecules becomes possible by their derivation with specific ESI/MS tagging 
reagents that have either proton or metal ion binding sites. We used the neutral crown ether 
group in several reagents to attach a metal binding site to substrate molecules. Application of 
this method to steroids, amino acids, vitamin D, fatty acids, and fullerenes is described. 
Besides characterization, tagged molecules can be used for studying organic reactions by 
ESI/MS. This work demonstrates that ESI/MS provides a unique window on fullerene 
solution chemistry. ESI/MS is not only an excellent tool for the analysis of biopolymers but 
is also useful for studyin 
7 
the organic chemistry of small neutral molecules. (J Am Sot Mass 
Spectrom 1993, 4596-603 
T he use of electrospray ionization mass spectrom- etry (ESI/MS) for analysis of biopolymers, such as peptides, proteins, and oligonucleotides, con- 
tinues to expand [I]. For detection, ESI/MS requires 
the presence of cationic groups, such as the ammo- 
nium salts of proteins in the positive ion mode, or 
anionic groups, such as the phosphates of nucleic acids 
in the negative ion mode. Neutral molecules have not 
generally been well studied by ESI/MS for several 
reasons. First, small neutral molecules are often volatile 
and may readily be determined by using gas chru 
matography mass spectrometry. Even so, neutrals are 
often derivatized to make them more thermally stable 
and volatile. Second, neutral molecules do not appear 
directly in ESI/MS because they are not charged. Nev- 
ertheless, there are significant advantages to the use of 
ESI/MS because this technique monitors to a great 
extent solution chemistry, where most chemical reac- 
tions take place. Many studies have appeared describ- 
ing the use of mass spectrometry techniques, such as 
fast-atom bombardment (FAB) or laser desorption (LD) 
for quantitation and solution studies (for use of FAB 
for solution studies, see ref Za-e; for use of liquid 
secondary ion mass spectrometry for solution studies, 
see ref Zf; for use of LD for solution studies, see ref 
Zg,h; for use of reagents for tagging molecules for mass 
spectrometry, see ref 2i-1). In addition, the use of 
EST/MS to study solution chemistry has also been 
previously reported 131. 
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Organic chemistry often involves conversion of one 
neutral molecule to another. Although ionic intermedi- 
ates are sometimes involved, more often they are not. 
We have examined applications of ESI/MS to organic 
chemistry [4]. This report surveys additional applica- 
tions of EST/MS to neutral organic molecules and 
describes our recent efforts to exploit specific tagging 
reagents to make neutral molecules more readily 
charged for the ESI/MS process. In addition, we dis- 
cuss our strategy to prepare “ES1-active” tagged sub- 
strate molecules so that ESL/MS can be used as a tool 
in the study of chemical transformations in solution. 
Obviously, neutral molecules must acquire a charge 
to be detected by mass analyzers during ESI/MS. 
There are four reactions that accomplish this: 
X: +H+ -tX- H+ (1) 
X-H+X_+H+ (2) 
I 
X = Y w X+- Y-+ M+ +X+- YM 
X=YoXf-y-+2- +xz-Y- 
(3) 
or 
x + Y + x+‘Y-’ (4) 
The first two involve acid/base chemistry (i.e., pro- 
tonation of a basic residue or deprotonation of an 
acidic one). The third involves protonation or ion at- 
tachment to a zwitterionic molecule, such as an ylide 
or N-oxide. In the fourth, formation of a charge trans- 
fer complex can also make measurement possible by 
detection of a radical cation or radical anion [5]. 
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Experimental 
General 
All ESI/MS spectra were obtained with a Vestec model 
200 ESI/MS quadrupole instrument (Vestec Corp., 
Houston, TX) with a 2000-u range [6]. ES1 spectra of 
pure compounds were obtained in the solvent indi- 
cated approximately 15-30 min after sample prepara- 
tion by electrospraying the sample solution at 3-5 
pL/min using the following instrument settings: nee- 
dle voltage 2.0-2.6 kV; electrospray chamber tempera- 
ture 50-65 “C; nozzle voltage 200 V; block temperature 
220-250 “C; lens temperature 110-120 “C; repeller volt- 
age 20 V. 
Sample Preparation 
Reagent 6 was purchased from Molecular Probes, Inc. 
(Eugene, OR), and reagent 5 was prepared as previ- 
ously described [ 71. The Diels-Alder reactions of 5 or 6 
with vitamin D were carried out in refluxing CHCl,. 
Reaction mixtures were diluted with NaOAc in 
methanol for ESI/MS studies. 
Preparation of reagent 9 as well as the crown ether 
fulleroid 10 has been reported elsewhere [4h]. Derivati- 
zation of carboxylic acids with reagent 9 was per- 
formed in benzene at room temperature for 3 min. The 
nearly instant disappearance of purple from reagent 9 
indicated the completion of the reaction. The solution 
was then mixed with an equal volume of KOAc 
methanol solution and used for ESI/MS analysis (see 
Figure 3). 
Reagent 11 was prepared by oxidation of 4-formyl- 
benzo-l&crown-6 [4h] to the acid, with KMnOG in 
water at 80 “C for 2 h followed by reaction with excess 
SOCl,. Derivatization of cholesterol was carried out in 
benzene at room temperature for 15-30 min. The reac- 
tion mixture was then diluted with KOAc methanol 
solution and used for ESI/MS measurement (see Fig- 
ure 4). 
Reagent 12 was prepared according to the proce- 
dure for phenyl isothiocynate (PITC) [8] from 4- 
amino-benzo-15-crown-5 (Parish Chemical Co., Odem, 
UT). Tagging of amino acids was carried out in the 
usual way. For example, t-alanine was dissolved in 
coupling buffer (CH,CN/pyridine/ triethylamine/ 
H,O, l&5:2:3), and reagent 12 was added. The mixture 
was heated at 50 “C for 30 min. The volatiles were 
removed, and NaOAc water/methanol (1:l) solution 
was added to the residue. The resulting solution was 
used directly for ESI/MS analysis (see Figure 5). 
ES1 mass spectra of the reaction mixtures of 10 with 
vitamin D, a-methyl benzyl azide, i-butyl amine, 
bromine, and diborane (see Figures 6-S) were obtained 
by dilution of an aliquot with the solvents listed in the 
figure legends. 
Results and Discussion 
The ionic signals initially reported by Dole and co- 
workers [9] in their pioneering work on ESI/MS 
involved NaC attachment to neutral polyethers. 
Such interactions are common and indeed are often 
observed in other forms of soft ionization. We can 
detect hexamethylphosphoric triamide (HMPA) (1) (a 
common reagent in organic synthesis) by ESI/MS as 
its Na* adduct (eq 1). HMPA is used in synthesis 
Na 
F; 
+0’ 
II 
{CH,),N-P-N(CH,), + (CH,),N--P-N(CH,), 
N(CH,), &CH,), 
1 
(1) 
.: Ni’ 
_.O=+-N(CH,), 
N(CH,), 
+(CH,),N-y-N(CH,), 
N(CH,), 
for cation coordination, and in its electrospray spec- 
trum both [M + Na]* and [2M + Na]+ are observed. 
Lit was found to be efficient for the observation of the 
neutral compound triphenylphosphine oxide 
(Ph,P=O) [4g]. Even for certain types of alkaloids, 
such as colchicine, [M + Na]+ was observed [4b]. For 
molecules with charge separation, such as N-oxide (21, 
simple protonation of the negative center will also 
change the molecule from neutral to positively charged 
(eq 2). The ES1 spectrum of 2 shows both [M + HI+ 
and a hydrogen-bonded dimer (Figure 1). 
(4 
One of the most useful methods for detection of 
neutral molecules involves metal cation binding to 
specific ligands. The first direct study of ESI/MS with 
neutral ligands attached to metal ions was reported by 
Chait and co-workers [lo]. We followed their lead in 
developing EST/MS as a tool for determination of 
copper/peptide complexes [4a]. During the course of 
our study, an interesting spectrum was obtained from 
an air-oxidized sample of complex 3. The spectrum 
was consistent with the formation of oxo-bridged 
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dimers [Cu + 0 - 0 - Cu12+ and [Cu - 0 - Cu]*+ 
(eq 3) (Figure 2). These types of complexes are 
0 
(3) 
known as models for metalloenzymes, such as hemo- 
cyanin [Ill, although they have not previously ob- 
served by mass spectrometry. Other studies of pep 
tide-metal ion interactions have been reported [12], 
but the results from Figure 2 suggest that ESI/MS also 
has the potential to be used for studying oxygen trans- 
port proteins. Besides copper complexes, we reported 
examination of cationic nickel complexes and their 
redox chemistry by ESI/MS [4c, e]. 
We recently synthesized new molecules with both 
hard and soft metal binding sites and carried out 
several careful studies of their Cut and Kt complexes 
by ESI/MS. For example, compound 4 may form com- 
plexes with either alkali metal ions (“hard” site) or 
transition metal ions (“soft” site) [4i]. 
“soft” binding site 
4 
We examined the ion specificity of complexation of 
metals to polyether ligands by ESI/MS. For example, 
the complexation of a mixture of metal salts with 
Wcrownd allows direct determination of relative 
binding in solution 131. 
We found that not only does l&crown-6 provide an 
excellent binding site for Na+ or Kf, but that neutral 
derivatives containing this group are readily prepared 
and purified, are stable, and may be used as reagents 
or ESI/MS tags for the study of organic reactions. 
ES1 Tagging Reagenfs 
The first example of an ESI/MS tag was reported by 
Lam et al. [13]. Chemical modification of functional 
groups by the introduction of chargeable groups was 
c 
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Figure 1. ES1 mass spectrum of compound 2 (1 X lo-* M) in 
0.1% trifluoroacetic acid/CH,OH: a, [M + H - HZOI+ (WI/Z 
178); b, [M + HI+ (*r/z 196); C, [ZM + HI+, hydrogen-bonded 
dims (VI/Z 391). 
proposed to make it possible to detect compounds that 
are not normally amenable to ESI/MS. Lam showed 
that conversion of a mercaptan to a pyridyl thio-ether 
introduced a basic site that was detectable by ESI/MS. 
More recently, a quatemary ammonium analog of the 
peptide sequencing reagent PITC was reported 181. 
We began a program for design and synthesis of ES1 
tagging reagents about a year ago [4d] and proposed 
the following criteria for a good tagging reagent. First, 
derivatization should be easy, fast, and highly selec- 
tive. Second, the tagged adduct must have high sensi- 
tivity for detection by ESI/MS. Finally, the tagged 
molecules must be stable under ESl/MS conditions. 
Although systematic design of tagging reagents for 
every type of neutral molecule is still in its infancy, we 
m/z 
Figure 2. ES1 mass spectrum of air-oxidized products of com- 
@x3(-K-” M)inCH,OEI:a,unknown(m/z654);b,[Cu-0 
-cu1*+ (m/z 669); c, [CU - 0 - 0 - cuV+ (m/z 677). 
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prepared several types of reagents that may be used 
for diverse functionalities. The crown ether (metal 
binding site) and tertiary amine (basic site) are two 
major structural features in our design. The first, 
reagent 5, is a dienophile for introducing a metal 
binding site for ESI/MS detection of vitamin D. For 
5 6 
example, reagent 5 reacts with vitamin Da to produce 
adduct 7 (eq 4) [4d, 141. In a similar manner, the com- 
.5 Vitamin D 7 
(4) 
mercially available compound 6 also undergoes a 
Diels-Alder reaction with vitamin D. Our studies 
showed that the derivatives from both reagents 5 and 6 
had similar sensitivities and that only approximately 1 
pmol of compound 7 is required for a spectrum. Be- 
sides a Diels-Alder reaction with dienes, the maleimide 
reagent 5 can also be used as an alkylating agent for 
tagging peptides having the -SH group [15]. 
Derivatimtion of Fullerenes 
One of the most exciting recent developments in or- 
ganic chemistry has been the discovery of a new form 
of carbon (besides diamond and graphite) called Buck- 
minsterfullerene [C,, (811 116, 171. In a process first 
reported in 1991, “soot” may be produced, containing 
up to 10% c,, accompanied by its relative C,,. C, is 
now commercially available. One of the interesting 
features of the molecule, besides its unique soccer ball 
structure, is that C, is the only form of carbon that is 
a molecule! Another is that it is a rather reactive 
molecule; because of symmetry, there are six reactive 
double bonds. Unfortunately, for aspiring C,, chemists, 
the compound is not detectable by proton nuclear 
magnetic resonance, so that mass spectrometry is one 
of the few tools for structural analysis. Other major 
problems are that C,, is not very soluble, and many of 
its derivatives are very fragile and do not yield molec- 
ular ions, even by LD or FAB mass spectrometry 1181. 
Because there is a need for new structure identifica- 
tion tools in this area, we recently developed ESI/MS 
derivatization reagents for fullerenes such as C, and 
?iF+Yr- lee0 
Figure 3. ES1 mass spectrum of ester generated in situ from 
BocCys(4-CH,-Bn)-OH (Km3 M) and reagent 9 (10m4 M) in 
1:l C6H,/CH30H containing KOAc (m/z 764). Peaks 1,2, and 3 
are derived from reagent 9. 
C,,. We are able to tag quantitatively these molecules 
by using diazomethane reagent 9 (eq 5). The resulting 
O? 
c .Zl 
8 9 10 
(5) 
derivative 10 gives very strong signals in ESI/MS. 
Determination of C,/C,, ratios directly from soot is 
possible by using this technique [4h]. 
Derivatization of Other Molecules 
In addition, although carboxylic acids are detectable 
by negative ion ESI/MS, an alternative method in- 
volves their derivatization using reagent 9. For exam- 
ple, an N-protected amino acid (Figure 3) can be 
detected in this manner in the positive mode. For oleic 
acid (spectrum not shown), only one peak at m/z 721 
is seen in the spectrum of the derivatized material. 
Our own experience has been that positive ion ESI/MS 
is easier and more sensitive and reliabIe than the 
negative ion mode. For molecules having hydroxyl 
groups, acid chloride reagent 11 was used to form the 
11 12 
esters that have the potential to be charged. Figure 4 
shows that cholesterol may be detected in this manner. 
Finally, for specific peptide and amino acid detection 
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Figure 4. ES1 ma= spectrum of ester derived from reaction of 
cholesterol with reagent 11 (10m4 M) in C,H,/CH,OH (1:l) 
containing KOAc: a, [M + Kl+ (m/r 763); b, [M + K]+ + CH,OH 
(m/z 795). 
systems, ESI/MS and the well-known PITC chemistry 
were combined. We prepared the crown-PITC reagent 
12. Reaction of alanine with reagent 12 gives a deriva- 
tive that may be detected as its Naf adduct by ESI/MS 
(Figure 5). 
Surveying Chemictil Reactions by ES1 / MS 
A study of the catalytic cycle of the drug ebselen (13) 
by using its ESI-tagged crown ether analog (14) was 
recently reported 1191. We now describe how tagged 
derivatives may be used to follow other organic reac- 
tions in solution. 
IER- 
90. 
BE- 
78. 
A 5 68- . 
3 58. 
.5 4@ 
39. 
ml2 
Figure 5. ES1 mass spectrum of PITC derivative of ~-&mine 
(10m5 M) in H,O/CH,OH (1:l) containing NaOAc (m/z 420). 
We may use ESI/MS to survey reactions of the 
Buckminsterfullerene molecule C, (8). We prepared 
the tagged C,, molecule that we call C,, fulleroid (10) 
(eq 5) in quantity and used this derivative to examine 
its reactions in solution using ESI/MS. It has been 
reported that C,, fulleroids have chemical properties 
nearly identical to C,, [ 17g]. We can therefore reliably 
use 10 to screen for chemical reactions of Cm itself 
[4h]. For example, the Diels-Alder reaction of C,, 
fulleroid with vitamin D, could be monitored by 
ESI/MS (eq 6) (Figure 6a-c). The relative reactivity of 
the vitamin D diene was followed to establish that the 
reaction is not reversible and to observe directly the 
reaction of one 15 (n = 1) and then two 15 (n = 2) 
vitamin D molecules with C,, fulleroid 10 (the posi- 
tion of attachment of vitamin D is not known). 
‘x 
10 15 (n = 1,2) 
(6) 
With C,, fulleroid 10, we detected many reactions 
that have been previously reported for C, as well as 
some new ones. The reaction of C, with amines [17b], 
bromine [20], and borane 1211 are readily studied (Fig- 
ure 7aac). The reaction may be followed in solution 
and the product distribution directly observed. For 
example, we carried out the reaction of C,, fulleroid 10 
with 1,3-dipoles, such as cr-methylbenzyl azide (eq 7). 
16 (n = 1.4) 17 (n = 1.4) 
(7) 
Several pathways for the reaction may be observed as 
a function of time and temperature. Initially, u-meth- 
ylbenzyl azide adds one, two, three, and four times 
(Figure 8a1 without expulsion of nitrogen to yield 16 
(n = l-4) (the position of attachment of azides is not 
known). At longer times (Figure 8b), loss of nitrogen 
may be observed 17 (n = 1). On heating at higher 
temperatures, the multiple adducts lose one or more 
moles of Nz to produce the expected distribution of 
aziridine adducts. 
a 
J Am %x Mass Spectrom 1993. 4, 596-603 ELECTROSPRAY OF NEUTRAL MOLECULES 601 
IW- 
9Ll- 
se- 
a 
79. 
68 
59- 
48. 
3-U. 
za- b 
a 
a 
b 
i 
e 
Figure 6. ES1 mass spectral time ccurss~ for the reaction of 
C&C,, mixture (9:l ratio of compound 10 and its CT0 analog, 
referred to below as C,,X or C,,X, respectively) with vitamin D 
in C,H,. Aliquots were removed and diluted to 1U-4~10~6 M in 
C6H,/CH,0H (1:l) containing KOAc. Peak assignments: a, C,,X 
(m/z 1159); b, C,,X (m/z 1279); c, C,,X-mono-vitamin D adduct 
(m/z 1543); d, D adduct (m/z 1663); e, 
C,,X-bis-vitamin D adduct (m/z 1927). (a) Start of reaction; (b) 
stirring 20 h at room temperature; (cl refluxing 4 h (benzene). 
Conclusions 
ESI/MS is not only an excellent tool for the analysis of 
biopolymers but is also a very useful technique for 
characterization of small neutral organic molecules. 
We have shown that the rational design of tagging 
12W 1389 140i I& 1688 1906 2988 
b 
Figure 7. ES1 mass spectra for C,,X fulleroid 10 reaction prod- 
ucts (10~4-10-” M) in C,H,/CH,OH (1;l) containing KOAc 
(M = compound 10). (a) Amination (neat i-butyl amine, 4 h; 
X = isobutyl amine; n = O-5): a, M0,X4K+; b, M0,X5K+; c, 
MO,X,K*; d, MO,X,K+; e, MO,X,K*; f, MO,,XSK”. cb) Bromi- 
nation (neat Br,, 25 “C, 2 h): a, [MBr8K]+ (centered at m/z lRO5); 
b, [MB~,~(cH,oH)K]+ ccentered at m/~ 1985). cc) HydrObOra- 
lion (excess BH,-OEt, in C,H,CH,, 25 “C, 2 h): a, [MKl+ (m/z 
1159); b, unknown (nr/z 1180); c, unknown (m/z 1195); d, 
[MO,(BH,),Kl+ (m/z 1233); e, IMO~(BH,),K~+ (m/z 1249); f, 
[MO,(BH,),K]+ (m/z 1265). 
reagents can eliminate the ESI/MS limitation with 
regard to type of analyte. By using suitable strategies, 
applications of ESI/MS to organic chemistry, organic 
reaction mechanisms, and drug metabolism may be 
greatly improved. 
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a. YK+ 
b. MXK+ 
a 
I 1 c. MX3K+ I
d. MX3K+ 
b 
B 
m/z 
Figure 8. ES1 mass spectral time course for the 1,3-dip&r 
addition of a-methylbenzyl azide to C,, fulleroid 10 in C,H, for 
a and b and in C,H&H, for c. Aliquots were diluted in 
C,,H,/CH,OH (2:l) containing KOAc &wnple concentrations 
10~4-10~6 M); M = C,, fulleroid 10; X = wmethylbenzyl azide. 
(a) 22 h, 65 “C: a, [MK]+ (m/z 1159); b, [MXK]+ (m/z 1306); c, 
[Mx,Kl+ (m/z 1453); d, [MX~K]+ (m/z 1600); e, [MX,K~+ 
(m/z 1747). (bl 30 h, 65 T: f, [(MX - N,)KJ+ (m/z 1278); g, 
[(Mx, - N&I+ (m/z 1425); h, [(MX, - N&I+ (m/z 1572). (c) 
20 h, 100 “C: i, [(MX, - ZN,)K]’ (m/z 1397); j, [(MX, - 3N,)K]+ 
(m/z 1514); k, [(MX, - ZN,)K]+ (m/z 1542). 
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